The maturation and packaging of bacteriophage A DNA are under the control of the multifunctional viral terminase enzyme, which is composed of the protein products of Nul and A, the two most leftward genes of the phage chromosome. Terminase binds selectively to the cohesive end site (cos) of multimeric replicating k DNA and introduces staggered nicks to regenerate the 12-base single-stranded cohesive ends of the mature phage genome. The purified gpNul subunit of terminase forms specific complexes with cos k DNA. DNase I footprinting experiments showed that gpNul bound to three distinct regions near the extreme left end of the k chromosome. These regions coincided with two 16-base-pair sequences (CTGTCGTTTCCTTTCT) that were in inverted orientation, as well as a truncated version of this sequence. Bear et al. (J. Virol. 52:966-972, 1984) isolated a mutant phage which contained a CG to TA transition at the 10th position of the rightmost 16-base-pair sequence, and this phage (termed K cos 154) exhibits a defect in DNA maturation when it replicates in Escherichia coli which is deficient in integration host factor. Footprinting experiments with cos 154 DNA showed that gpNul could not bind to the site which contained the mutation but could protect the other two sites. Since the DNA-packaging specificity of terminase resides in the gpNul subunit, these studies suggest that terminase uses these three sites as recognition sequences for specific binding to cos X.
A key event in the morphogenesis of bacteriophage K is the maturation of the viral DNA, which in the late stages of replication exists in the form of long multiunit concatemers (5, 9) . The mature k chromosome is a linear double-stranded molecule about 48.5 kilobases (kb) in length, and the 5' termini bear complementary single-stranded 12-base cohesive ends (27) . In the concatemer, these termini are covalently joined; maturation consists of cleaving the concatemer at the cohesive-end sites (cos) by introducing staggered nicks to restore the complementary single-stranded ends. Cleavage at cos and packaging of the DNA into empty proheads are under the control of the phage terminase enzyme, which is composed of the protein products gpNul and gpA of genes Nul and A, respectively (12) . In addition to cos cleavage and packaging, terminase must also have the ability to select and bind specifically to the phage DNA, which in the infected cell is part of a pool that includes the Escherichia coli host DNA as well. In vitro, purified terminase exhibits all of the above activities and in addition contains a DNA-dependent ATPase (12) . Feiss has described terminase as a linear array of functional domains which exhibit protein-DNA and protein-protein interactions (4) . That the small (20,000-Mr [20K]) subunit of terminase, gpNul, contains a domain responsible for specific cos DNA binding was first inferred from studies with terminase isolated from cells infected with viable hybrids of phages A and 21 (7) . These experiments demonstrated that the aminoterminal half of gpNul bound to cos X. Examination of the nucleotide sequence of Nul (24) revealed the presence of the helix-turn-helix motif (1) characteristic of specific DNAbinding proteins (4, 14) ; this motif is close to the amino terminus of gpNul. Recently, using plasmids constructed to overproduce the terminase subunits, we isolated and purified gpNul to homogeneity and showed in both filter-binding experiments (23) and band retardation assays (8, 11) that it * Corresponding author. bound specifically to DNA containing cos K (W. Parris et al., manuscript in preparation).
In this report we have defined the precise sites in cos at which gpNul binds. The cos region of A is bipartite. The nicking site (cos N) has been found to extend from approximately -22 to +24 (the first base pairs [bp] to the left and to the right of the center of the cohesive end junction are -1 and + 1, respectively), while the binding site (cos B) extends from approximately +50 to +120 (6, 20) and may even extend up to + 164 (4) (Fig. 1A) . The sequence of cos contains several interesting features which have already been noted (2, 4) . There is a 16-bp sequence (CTGTCGT TTCCTTTCT) which occurs twice in inverted orientation (a and b in Fig. 1A) , as well as a truncated version of this sequence (c in Fig. 1A ) within cos B, and another truncated version on the left (-) side of cos (d in Fig. 1A ). In addition, there are four sequences that closely resemble the consensus sequence for integration host factor (IHF) (I in Fig. 1A) ; two on the right (+) and two on the left side of cos. A CG to TA transition at 154 within sequence a results in defective growth of phage carrying this mutation (termed cos 154) in IHF-deficient E. coli (2) . In the present study, we have used the technique of DNase I protection to demonstrate that purified gpNul binds to sequences a, b, and c in wild-type cos K DNA but is unable to bind to sequence a in the cos 154 mutant.
MATERIALS AND METHODS
Proteins and nucleic acids. The purification and properties of gpNul will be described elsewhere (Paris et al., manuscript in preparation). Plasmid pWP14 was constructed as follows. DNA was isolated from purified wild-type A phage, and the cohesive termini were annealed and then ligated with T4 DNA ligase to reestablish the cos region. After digestion with EcoRI, the cos-containing fragment was cut with HincIl and the 393-bp cos-containing fragment was blunt-end-ligated into the HinclI site of pUC9 (26) (17) cloned into the BamHI site of pBR322, was 5'-end labeled at the BglII site within the tk gene and subsequently cleaved at the EcoRV site to generate a 287-bp fragment.
DNase I footprinting. Footprinting was carried out basically as described by Galas and Schmitz (10) . The 40-,u reaction mixture consisted of 50 mM KCl, 50 mM Tris hydrochloride, pH 7.5, 1 mM EDTA, 5% glycerol, 1 mM P-mercaptoethanol, 10 to 50 fmol of end-labeled DNA, and various amounts of gpNul. After 20 min at room temperature, heparin was added to a final concentration of 0.1 ,ug/ml, and the reaction was continued for 5 min at room temperature. DNase I was added to a final concentration of 11.6 pug/ml (a 1-mg/ml stock solution of DNase I The reaction mixes were electrophoresed on a denaturing 5% polyacrylamide gel beside the purine and pyrimidine sequencing reactions (16) . The gel was dried, and the DNA was visualized by autoradiography.
RESULTS
Protection against nuclease degradation has been used to delineate specific DNA sequences which come into close contact with DNA-binding proteins (10) . To determine whether gpNul was recognizing any particular sequences in cos X, DNase I footprinting experiments were performed. Heparin was included in the reaction mixtures to eliminate nonspecific binding; however, its omission did not alter the results. Figure 2 shows the footprint of the top strand of the 417-bp wild-type fragment (lanes 1 to 4). There were three clear regions of protection (indicated by black bars): between +144 and +169 (I), +98 and +118 (II), and +43 and +62 (III). This pattern became evident at a level of 1.0 ,ug of gpNul (not shown), and repeated experiments consistently showed that the extent of diminution of the band intensity, as judged visually in all three sites, was the same at this and all higher levels of gpNul used. There did not appear to be any sites where DNase cleavage was enhanced. Similar footprinting was also carried out with the top strand of the BamHI-HindIII fragment from the cos 154 mutant, and here a completely different pattern was observed (Fig. 2 , lanes 5 to 9). The sequence corresponding to region I in the wildtype DNA was not protected at 4.0 ,ug (lane 9) or even 9 ,g of gpNul (data not shown). The other two corresponding regions (designated Ilm and MIm), however, were protected from DNase I cleavage to approximately the same extent as the wild type. To resolve sequences most distal from the labeled end of the fragments being footprinted, the experiments outlined above were repeated with a longer electrophoresis time (Fig. 3) . The same pattern was observed, and no additional protected regions were revealed on either the right or left side of cos in either the wild type (lanes 1 to 5) or the mutant (lanes 6 to 11). To confirm the footprints shown above with the top strand, similar experiments were performed with the bottom strand. Although the protection was weaker, similar patterns were obtained as for the top strand. With the wild-type fragment (Fig. 4A) , there was protection between bp + 143 and + 165, between bp +98 and +116, and between bp +42 and +58, i.e., at the same sites that were revealed above. In the same manner, the mutant fragment showed some protection between +99 and +117 and between +43 and +59 but no footprint around the site of the mutation (Fig. 4B) . Longer electrophoresis times to further resolve bottom-strand footprints failed to reveal any protection on the left side of cos in either the wild type or mutant (data not shown). Assessment of the specificity of gpNul binding as determined by the above experiments was done by carrying out footprinting assays with DNA fragments which did not contain cos X (Fig. 5) . In this case, a 287-bp fragment isolated from a cloned herpes simplex virus thymidine kinase gene was incubated with gpNul under conditions identical to those in Fig. 2 . There was no evident protection or enhancement. The presence or absence of ATP in the incubation mixtures had no effect on any of the footprints obtained (data not shown).
DISCUSSION
One of the many roles of bacteriophage A terminase is to recognize and bind specifically to A DNA. In this process the terminase must distinguish between X, the host E. coli, and other closely related lambdoid phages, such as phage 21. The viral DNA is bound at cos B, and it is somewhere in this region that the specificity of recognition is located (4 helix-turn-a3 helix motif characteristic of many site-specific DNA-binding proteins (4, 14) . Several To locate the possible binding site(s), DNase I footprinting experiments were performed. The results with both the top strand of the fragment (Fig. 2 and 3 ) and the bottom strand (Fig. 4) clearly showed that there were three defined regions of protection. These regions are delineated by the solid black bars in the nucleotide sequence shown in Fig. 6 and designated I, II, and III. (A comparison of the footprints shown in Fig. 2 and 4 indicates that gpNul has a bias for the top strand when it binds to cos. Greater protection of one strand over the other has been observed for other protein-DNA systems, for example, the EFI and EFII factors that bind to the Rous sarcoma virus enhancer [25] .) The two 16-bp sequences CTGTCGTTTCCTTTCT (a and b in Fig. 6 ) are located within sites I and II, while a truncated version of this sequence (c in Fig. 6 ) is located in site III. A second truncated version of the 16-bp motif situated on the left side of cos (d in Fig. 6 ) was not protected from DNase I cleavage. Sequence c differs from a and b in that it is missing the first four bases and has a G instead of a T at position 8. Sequence d, on the other hand, differs more markedly from a and b, since in addition to the first four it also lacks the last base and has two base changes as well. These differences may account for the inability of site d to bind gpNul under the conditions used in our experiments. essential for binding as well as which bases within this sequence must remain invariant.
That sequences a, b, c, and d might be the recognition sites for terminase was first proposed by Bear et al. (2) . It should be pointed out, however, that the pattern obtained in this work is not similar to the preliminary footprint obtained with partially purified terminase holoenzyme (5) . In the latter case, very extensive protection was observed and included sequences on the left side of cos, a region where gpNul did not bind in our experiments (Fig. 3) . The terminase footprint might be due to direct or indirect contributions by the gpA subunit or contaminating proteins in the preparation, which was about 70% pure (12) .
Bear et al. (2) isolated a mutant X phage which was unable to grow lytically in bacteria which were deficient in production of IHF (22) protein because of a defect in phage DNA maturation; wild-type X is able to grow lytically but with a reduced burst size in IHF mutants (19) . We have shown that in vitro, terminase has a host factor requirement for its cos cleavage activity (13) and that this requirement can be fulfilled by either IHF or another histonelike protein from E. coli called terminase host factor (THF) (13) . These factors presumably act by facilitating the binding of terminase to cos (4) . The mutation of Bear et al. (2) , termed cos 154, changes a CG to TA and is located in sequence a. We used cos fragments isolated from the mutant phage DNA to carry out nuclease protection experiments in a manner identical to those with the wild-type DNA. Binding of gpNul to the mutant produced a strikingly different footprint (Fig. 2, lanes  5 to 9, and Fig. 4B ). Results with both the top and bottom strand of the fragment revealed that site I, which contained the mutation, was not protected by levels of gpNul that could protect the wild-type site. There was protection, however, at sites Ilm and IlIm, respectively (dashed bars in Fig. 6 ), which correspond very closely to sites II and III in the wild-type footprint. The mutant footprint reinforces the conclusion from the wild-type results that a, b, and c are the recognition sequences for gpNul binding and also shows that bp +154 is important for recognition. Preliminary results from methylation protection experiments (16) show that bases in this portion of the sequence make strong contacts with gpNul (unpublished data).
Phages with wild-type cos regions can grow in IHFdeficient strains, presumably because binding of the Nul domain of terminase can be facilitated by THF. However, the affinity of terminase for the mutant site may be so reduced that only IHF can facilitate binding, either because it is the preferred host factor or because THF is either too weak or in too low a concentration in the cell to be of any assistance. We are currently attempting to answer this question by testing the influence of IHF and THF on the binding of gpNul to wild-type and cos 154 DNA.
The cos nucleotide sequence of the closely related lambdoid phage 21 (18) is strikingly similar to that of X in that IHF consensus sequences are present as is an inverted 16-bp repeat motif in virtually the same location. The sequence of the latter, however, is substantially different than in X, and there does not appear to be a sequence analogous to c. These differences may explain the divergence in DNA-packaging specificity of the two phages. Moreover, there are also major differences in the binding domains ofA gpNul and phage 21 gpl (the phage 21 equivalent of the smaller terminase subunit), e.g., an asparagine in the turn of gpl instead of the highly conserved glycine and several nonconservative substitutions in its a3 helix. Footprinting studies of gpl on cos 21 DNA will greatly assist our understanding of how these proteins function.
